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LOAD RELA XATiON STUDIES OF A METAL LIC GLASS

T. D . Hadnaqy , D. J. K r e n i sk y ,  D. C. Ast  and Che-Yu Li
. . .

\ Department of Mater ia ls  Science and Eng inee r ing
Cornell Univers ity , I thaca , New York 14353

\~~~~I

This note reports experimental results of load relaxation

studies of a commercial metallic glass (METGLA?M2826) as a func-

tion of temperature . The data suggests that metallic glasses ex-

hibit deformation behavior with flow laws similar to those govern-

ing plastic deformation in crystalline solids . The lack of appreci-

able work hardening on annealed material and the identification of

an anelastic component are also indicated by the experimental ob-

servation .

The deformation properties of metallic glasses were reviewed P

recently by Davis~~ lie discussed the possibility that metalli c

glasses exhibit deformation properties governed by dislocation mech-

anisms and show little capacity for work hardening . Recently

Murata and co-worker?’ showed that non-elastic deformation in
p

metallic glasses contains two separate components : a time depen-

dent and recoverable anelastic component and a t ime dependent and
p

non-recoverable plastic component. They arqued , however , based on

thei r observations that metallic glasses can be hardened by strain-

ing. . .
~~~~~

ad relaxation experiments have been extensively used in the

investi ation of non—elastic properties of crystalline solids in

conjunct n with the work on the development of a plastic equation

of state.~~’~~’~ They have the advantaqt’ that they can be used to

generate sti\ess-strain rate data covering a wide range of strain

rate while avoiding the occurrence of plastic instability in the

. 
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specimen .5 This is particularly useful in the investigation of

metallic glasses.

Load relaxation data of a large variety of crystalline solids
V

have shown that the same flow laws for plastic deformation (stress-

strain rate relations) apply .5’
6’7The contribution of the anelastic

de formation component can be identified by the fai lure of a por-

tion of the stress-strain rate data to be described by the flow

laws for plastic deformation .5

Based on the work mentioned above a deformation model was

developed for non-elastic deformation by using the state variable

approach.8 In the present work the same model will be adopted to

analyze the load relaxation data of metallic glasses .

P

I
I
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EXPERIMENTS

The tensile specimen used was made from a commercial metallic

glass ribbon [METGLASTM2826 (0.65x0.0023 in.) I by polishing with

220 grit emery-paper. It had a gage section of 2.2x0.006x0.lS cm.

The load relaxation expe rimen t was carried ou t by usin g a table

model Instron testing system . After the temperature of the speci-

men and the testing system was stabilized , the specimen was loaded
p

at an extension rate of .02 in/mm (.056 cm/sec) to the desired

stress level. The crosshead was then fixed and load relaxation re-

sulted from the conversion of the combined elastic strain of the
I

test system and the specimen to non-elastic strain of the specimen .

The rate of load relaxation was related to the non-elastic strain
V

rate of the specimen through the combined modulus of the test system

and specimen. The experiment yielded data in the form of load vs.

time which was analyzed to yield a log a vs log ~ (a , stress and

t~~, non—elastic strain rate) curve for a particular load relaxation

run . Throughou t this study the specimen deformed homogeneous ly

without the formation of shear band.

p
RESULTS AND DISCUSSION

Typical load relaxation data obtained at 270°C in the form of

log a - log ~ curves are shown in Figure 1. Each curve represents

the data obtained from a load relaxation run . The specimen used

was first annealed at 300° for 8 hours prior to the load relaxation

experimentat 270°C . All the curves shown in Figure 1 were obtained

on a sin gle speci me n , by re-loading the specimen after a load re-

laxation run to a higher stress level and continuing raising the

stress of each subsequent run until failure . The length of each

~~~.-  — .  ——— .- ~~ .- - -~~~ . . — —~~~~~~— ,
~~~~~~~-— — - .— ,-
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load re laxa t ion  run ranged from a t ow  hours  to in  excess of a day.

The order of the runs are as give n in Figure 1. The data of the 0

f i r s t run and the t h i rd  run are not shown due to a l ign m en t  and

temperature contro l p roblem re spec t ive ly .

Each log a — log curve suggests  d i s t i n c t l y  two types of be-

havior. The initial portion of the load relaxation data (h i gh

strain rate portion) shows an ext remely high stress exponent (~~l0O.

the inverse of the slope of the log c - log curve 1 . As the ex-

pe r imen t  proceeds ( low s t r a i n  rate portion ) , all the log c - log I
’

data merge into a single curve and show a siqnificantly lowe r

stress exponent of about 4. These results are consistent with the

deformation model based on the state variable approach and the ex-

perience gained on crystalline solids
3 ’4’5’6 such that the initi a l

high strain rate portion of the relaxation data reflect the contri-

bution of anelastic de formation and t h e  low strain rate portion of

the data show the stress—strain rate relation of plastic d e t o r m a —

tion . These results also suggest the lack of s i q n i t i c a n t  work

hardening as well as the absence the rmally induced structural chai~ ie.

Di scussion w i l l  be made in the fo l lowing  t o  support these ~‘osnI-

bilities .

The de formation model of jute rest was devc lope d t o descr ib e

the non—elastic properties of the g r a i n  m a t r i x  of c r y s t a l l i n e

solids and has been tested extensively by us jug a variety of

crystalline metals and alloys . 
l ,4,5,~ ~ consists of two  b i a nch e s

in parallel. One of the branches include s an an e l a st i c  sp: l ug  i n

series w i t h  a p l a s t i c  e lement  (~~-e lement )  wh ich  governs p l a s t  ic

de formation at h igh  homoloqeous temperatue s and/or low strain tates .

The other branch contains a non-elastic friction element which

- —  

-
-—-..—-- --- — ..~~~~ ,~~~~~ ~.______ - -- -- .-.---
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represents dislocation glide cont,’lled processes and is important

at low homologeous temperatures and/or high strain rates . The

magnitude of the anelastic strain a is linearly related to the

stress on the anelastic spring through its modulus . The non-

elastic strain rate of the specimen t is represented by

= + ( 1)

where ~ is the anelastic strain rate and ~ is the plastic strain

rate of the ~i-element. The following relations are of present

in terest :

= (~~*/ s) (2)

• 
= ~ * ( L , /~I) M ( 3)

0 1 1 + O
f 

( 4 )

= Ma ( 5 )
a

where o~ is the hardness parameter which measures the hardness

state of the specimen , o is the stress on the a-element , 0
~ 

is

the stress on the element controlled by dislocation glide , ~~ is

the rate constant for the a-element, t~ is the rate constant for

di sloca tion glide con trolled e lemen t , a is applied stress , M is

the anelastic modulus and \ and M are two constants wh ich determine

the shape of the constant hardness (o*) log a - log t~ curve.

The hardness parameter a * determines a unique log a - log c

curve and can be changed by work hardening or by thermally induced

structural changes. Equations (2) and (3) above represents the

c~s-eleme nt and the dislocation glide controlled element respectively .

Typical values of ~ and M for crystalline metals and alloys are X ,

near 0.15 and M, between 7.5~ a.’ ,4,8

According to the above mode l , d u r i n g the in itial load ing of



the  spe c t men, t he  i tot t  ~~ l ast  i t ’ St 1 . 1 1  I i  r a t  0 0 t t he s pt ’c t men t ~ ‘ t Leo t

mos t ly t h e  i no last  i c st  t a t  n : a te  a .  Th is  : s because  t he i n  i t  j a i l  y

stored ant ’ last to st : a in ot a w et  1 . tnniea  led spec i n~’n t s t ’ los t ’ t o  :c t o.

As t he’ crosshead t I t xed , t he I n i t  i a .1 p o r t  ion o t t he  load t e l a x —

at t en is s t 1 i t  con t to i t  ed by I 1w .tue 1 as t i ~ ‘U t a  in r at  e :1 dtte t o I he

tact that the but id—up of S tert ’d ant ’ l 5 t s t  ic  st  r a t  n is  qove r u e d  by

Eq nat ion C 3) and requl tes a i ni to t i nie . Cent seq uent  l y t h e  t t i t t i a I.

p ort  ion e t th e  log o — I eq ~ da t a canno t  be p i  t ’S cut  ed by c i t  her

-
~~ 

I l l  t 1 OIl ( .‘ ) o t ( . At I ongo I to I SI X SI t t Ofl t t flies , t ho r a t  o o t toad

i t ’ L a x a t  tori deer t’ases and p l a s t i c  tie i’o tma  t ion become s i mpor t an t

For the i n ter e s t  of t h e  pr e s e n t  d i s cussi on , t he  shap e of t he low s t r a i n

r a t t ’ pot t ion o t the log ‘ — I oo curve  l’quat  iOn ~ ) 1 Vt ’ t l O c t  t he

ext rome’ 1 y h i g h  ha rdnoss (~~ ~~ Inc i nvo I ved . l~ur  i ng  the  I .t t  or st ages

ot t h e  r c l . a x at  t ori  p e r i o d  t he  s t o re d  anolast ic strain w i l l  docre.ise

sign  i t  icant  ty  w i  tt i  t into as de~~cr ibed ~~ ~~~~~~ ion s ( 3 1  and ( ‘ . . Thus

dur  t u g  i c  i~~a~l ing  and t h e  per t  ion ot  t he I~~ad to I .ixat ion i mnuedi  a t  e l y

tel  lowing r e l o a d i ng  the  anc l ast  .1 c st t a  in t a t e  a w i l l  be cent t o I l  i r i g  a g a i n .

i t  fol  low i n g  t i ’ l o a d i ng  t e a h : ght ’ r st tess t he spec t men has  r i o t

been ha rden ed by d et o r m a t  ion o ~ un c h a n t g o ¼ l l  , t h e  log o — leg dat  a

o bt a i n e d  . t t t o r  a n c la st  l e t  t y has t a k en  i t s  t e l l ,  w i l t  c o in c i de  w i t h

those obta.i ned i n  t h e  pr e v i o u s  lead t o  1 . txa t  t on run  i~’ i t  h i  u t he o t t e r

of the e’ xpe r I me ut . ‘t’t~ t s is shown by t h e  dat a ii Ft gu t e  1 . A tue to

dot a i led an a l y s t s  shows ve ry s nua 11 b u t  sys t ~‘mat t c sh : t t o f  t hi ’

e ide r o I t h e  oxp e t 1 nN ’n t  at e tro t of t h e  te ’~’e o t .he~ e cu rves .

It is rioted t ha t t o t  c t y s  t a t  l i n e  se l l  ds , a ft or it ’ loadi  n o t 0 .1

h i gh e r st tess 1 eve I , because of  we t  k h .11 den t rrq , I nva it  a b l y a sub—

st ant tat ty new le~ o — too OtirVi’ w i l l  to  Sn i t  . i t  I s not  t’d at so

the’ dat a shown in F: gu t  t ’ .~ s ug ge s t s  t h e  absence ’ et  a t he’ t mat  l y t n —

‘ I

~~~~~~~~~
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duced s t ruc tu ra l .  change .

The ex is tence  of both the an t ’ l a s t  ic component  and t he  p1 as t  i c

component of de forma t ion sugges ted  above a rid t he’ v e r y  low st ross depend —

ence for  p las t ic  f l ow  r e f l ec t ed  by t he  o ver l ap p i ng  p or t  ion of  t h e  log

— log ~ curves in Figure 1 art’ cons ister’t t W i  t h  the  r e s u l t  s repor t  ed

by Mura ta et at . The low st r a in r ate  per i ton of the tia t a can be re-

presented by E q u a t i o n  ( 2 )  wh ich desc ribes  the  p l a s t ic  p r o p e r t i e s  of a

va r i e ty  of cry s t al l  inc  m et a  I s  and a l l o y s .  ~ ~~~~~~~~~~~~~ The sol id c u t v ~’ i n

F igure  1 is ea ten  t a t  ed by u s ing  Equa t ion (2) wit Ii a v a t  no of 1 o~r ~

5.9 (c~ in p s i)  and log ~~ =

The low Stress elepencene’e fo r  p 1 as t I c  C low shown by the p r e s en t

data is a direct consequence of the h igh  c~ involved  accord ing  to  t h e

d e f o r m a t i o n  model . ~ The value ’ of c * ca n be U Sod t 0 05 t i mat  e the’ f l o w  p

stress at h igh  S t r a i n  r ates  fo r  crvs  t a i i i  no so l i d s .  ~ The v a l u e  o t ~ *

or ¶~47 f’IPa~ g i ven  ab ove ’ is co nsi d e rab ly  h i gh e r  t h a n  t he h i g h

f low stresses repor ted  in the  l i ter a t u r e  fo r  F e — N i  base metal lie olasses .

I t  is possible t h a t  the f l ow  s t ress  d e t er m i na t i o n  in a t e n s i le  t e s t  on
p

m e t a l l i c  glasses w i l l  be lower t han c * according t o  Equat  ion ( .‘ ) . tiasod

on recent work on w o r k — h a r d e n i ng ,  t he  a b i l i t y  of a m at e r ia l  to  wo r k

harden is s ign i f i c a n t  1 y reduced at  h i oh  hardnesses  (c * • The I a ck

of work—harden in g  sugoested by t he’ dat  a i n  Fi ~iu re  1 is t h e re f o r e  con—

sis tent  w i t h  the h igh  ~‘ va liii ’ gi ve n  ab ove .  E s s e n t ia l l y  t he  p resen t

data suggest tha t we ar e  ob s er v i ng  here t h e’ p roper t i e s  ot  a h i o b l y  w ork—

hardened c r y s t a l l i n e  sot id . The do f o r m a t  ion model w i l l  prod l et  there-

f ore l i t t l e’  c a pa c i t y  for  work h a r d en i n g  and a low s t r es s  dependence

for p las t i c  f low .

F igu re  2 shows load re 1 axa I ion dat  a .t t 2 7 0 “C obt a i n:e’d by us intl

a specimen in the a ~~~
— reco i vod cond I t ion w i t  hout annea l  intl  .:t 300°C

-~ 
~~~~~~~~~~~~~
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pr io r  to the load r e l a xa t i o n  ex~~e ’ r ‘r i t  . Tht ’so 1o- ~ — log t

curve s have shapes s m U  l a r  to those  g i v e n in  F’i gu re  1. h owe ve r , the

low s t r a i n  ra te  por t ion  (p l as t ic  p a r t )  of these  curve ’s  do not  coin-

cide as well as those shown in F igure  1 r e f l e c t i n g  the e f f e c t s  of

s t r u c t u r a l  r ea r r angem en t .  Apparen t ly  annealing at  300°C improved

the stability of the s t r u c t u r e  of the specimen. The imp roved sta-

bility found just below t h e  annealing temperature has also been

show n by Krenitsky and Ast9 in t h e i r  work on shear band deformation .

Fig ure 3 shows the load relaxation data  ob ta ined  at  room temp-

e r a t u r e  by us ino  as — recei ved specimens . More than  one specimen was

used to ob ta in  these curves .  These curves s how ex t re mely hi gh

stress exponent  ( t h e  inverse  of the slope of the  log o - log ~ cu rve)

By comparing w i t h  the  curves in  F igu re  1, the  room tempera ture  curve

suggests qualitative ly the importance of an e l a s t i c  de fo rmat ion .

Work is in progress in t h i s  labora tory  to de t e rnune  the f low laws

f or a n el a s t ic  d e f o r m a t i o n  in m e t a l l i c  g lasses a nd to compare w i t h

7those foun d in c r y s t a l l i n e  solids . It should be noted that  the

da ta  f i t  by u s ing  Equat ion  ( 2 )  and shown in F iqure  1 depends on the

i d ent i  f i ca t t o n  of  t he  h i gh  s t r a i n  r a t e  p o r t i o n  of  the log ~ — log

curve to be con trolled by anelastic de formation . Information ob-

tained on anelastic deformation together with the constjtutjve re-

la t ions  g iven  previous ly  can be used to account for  the high st r a i n

rate  port ion of the log ~ — log da t a  ( lu an t i t a t i v el y  in order to

support  the present  ana lys i s  of t he l ow st r ai n ra t e por tion of load

relaxation data.

In summary the load relaxation data obta ined in th i s  work sug-

gest the possibility that non—elastic deformation in m e t a l l i c

glasses is controlled by dislocation mechanisms . l3oth the anelastic

component and the plastic component of deformation were identified
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and the l a t t e r  was foun d to be de’~ er  ibed b y the same f l ow laws  as

those fo r p l a s t i c  de fo rmat ion  in c i ys ta l l in e  sol ids . The present

da ta also supports the  lack of s u b s t ant i a l  work h a rden ing  in

me ta l l i c  glasses .

This work is suppor ted  by Energy Research arid Deve lopment

Ad m i n i s t r a t i o n  and by the  O f f i c e  of Nava l  Research .

I
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FIGURE CAPTIONS

p

Figure 1: Log C — Log c data for METGLA S 2826 obtained at 270°C

a f t e r  an 8 h r .  anneal at 300°C .

Fi gure 2: Log C - Log c data for  METGLAS 2826 ~btained at 270°C

without  preanneal ing .

Figure 3: Log o - Log c data for  METGLAS 2826 obtained at 20°C.

1
- I

I



—-_ __ - -~~~-
. --— - -- -

~~~~~~~~~~~~~~~~~~~~~~~~~~~
- -

~~~~~~~~~~~
_ - _ . - -

—
~~~~~

_- . _ - . -—
~~~~~~

_ ,

~~~~~~~~~ ~~~~~

_-

• T. Mu ata, H. Kimura and T. Masanoto, 6cri~ t a  Met . ,  1~~, 705 ( 1916).

F. H. Huang , F. V. Ellis , t’ . Y. Li , M~’t . T~ ~n ’; . A , I l , (.‘)I ( I  ‘~7 1)

N. Ni e F. H. Hu ang, E. W. Hart , C. V. Li • M t . Trans . A , t I )~ , ‘ . 0 1  ( I’’ / / )  .

• F. W . Har t , Che—Yu Li , ‘ . Vainad a , and G. I W i r e  “ Pht ,nomi ’nolu ,j i cal Theor y : A ( U i  (it ’ to
Cnnstitut~ ve Relations and Fundamental D’t .’~ nation Proper t i es”, in Cons t i t u t i ve  Equa tions
in Plast ici ty , A. Argon , ed. , p. 149 , MIT Press ( 1975) .
E. W . Hart , Acta Met., 18, 599 (1970) .

1. N Nir , F. Hart , C. V. Li , Scripta Met .  10 , 10’) ( l ’ ) /( ) .
‘1 . E. W . Hart, J. Engr. Mater. Technol., ‘~ U , 193 (14 76) .
) . D. Kren i t sky  and D. An t , to be published .

__________ - 
~ ~~~•• ~ 

~ ‘A”.’ ~ ~ S %14
~~ ~~~~~~~:: “

~~~~~~

. :~
.

~t. (‘o?
I ~~ ~ 

‘

I. /

i ~~~ — _ •
-_ - _

., -6 -~~ 4

‘‘ ,,_. ~•..l_ _’, 
tnq ~ I,o.,Ho~~~iI( I

~‘ig~rre 1 F ’igur t ’  ~
‘

r
~ 5O ~~~ 

— 

~~~~~

32)

..~~ .a • .. .. S
540

. s •  .• . . . 4
1!

* . . . . 3
-~ 530 314. . . . .. 2

525

5. • •.* 4 • I

320 ~~ - - - i _~~~~~~~~L-._~~ __ t  
~~4

9 8 t t. 5 4

to~j ‘ w~ RnI, (‘..c’)

Fi gu re ~

- ~~~~~~ ~~~~
____ — 

—--
~ 

— —— - — -
~~~~ 

_ —~~~



______________________________ — — —--.---

BASrc_DISTRIRujj,~~•~ J~j .

Technica l and Summary Reports April 1978

~~ Organizat ion Copies Orga nization Copies
r

Defense Oo~unientation Center Naval Air Propulsion Test Center
Catieron Stat ion Tre nton , NJ 08628
Al exandria , VA 223 14 12 ATTN : Library 1 L
Office of Naval Research Nava l Construction Bata ll ion
Departm~nt of the Navy Civi l Engineering Laboratory
800 N. Oulncy Street Port Huenem~, CA 93043
Arling ton , VA 222 17 ATTN : Mater ia ls D i v i s I o n  1 rr
AUN: Code 471 1 Naval Electronics laboratory

Code 102 1 San DicçIo , CA 92 l~ 2
Code 4 70 1 ATT N: Electron M.~teria 1s

Sciences Division 1
Coriranding Officer
Office of Nava l Research Naval Missile Center
Branch Office Materials Consu ltant
Building 114 , Section D Code 3312- 1

4 666 Sum.rncr Street Point Nugu, CA 9204 1 1
Boston , ~‘A 02210 1

Con~nancIing Officer
• Co~rnanding Officer Nava l Surface Wea pons Center

Off ice of Nava l Research White Oak Laboratory
Branch Off ice Silver Spring, MD 209 10
536 South Clark Street ATTN : Library 1
Chicago , IL 60605 1

0: 
David W. Taylor Naval Ship

Of f i ce  of Naval RCS (’~1J Cli Research and Development Center
Orie Nal l Id ie PlaZ (i Sti ift 601 Materials Department :~San Francisco , CA 94102 

1 
AnnapolIs , ~~ 21402 1

Naval Undersea Center
Naval Research Laborato ry San Diego , CA 92 132
Wash ington , DC 20375 ATTN : Library 1

ATIN: Codes 6000 1 Naval Underwater System Center
- 

•~~ 6100 1 Newport , RI 02840
6300 1 ATTN: Library ‘I
6400 1
2627 1 Nava l Weapons Center

China La ke, CA 93555
Nava l Air Development Center ATTN : library 1
Code 302
Wa rminst”r , PA 1R°64 Naval Postp’~~”~t.e Sc~”eo 1
ATT N: Mr. F. S. ~.i lii ~~~~ 1 ~c- ~cr .,’, ~ 

r

~~ ATTN : Mecna nical ingineering
Depart!ilent 1

- - 
- — •— 

~~~~~~~~ 

— -

~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~j -~~~ ~~~~~~~~

~ 
_ _ _ _  - _ _ _ _



r~~ ~~~-:i 
---- ~~~~~~~~~~~~

BASIC DISTRILIUTION LIST (cou t’d)

Or~ ar,L~~U on Or tj~un .tt Ion ( c ~- l ” . 
-

Naval Air Sys tep s Co~n.ind NASA N’~dqu~rt ers
Washingto n , DC : 0360 W~ .hington , I’C 20546
ATT N: Codes ~~~~ AT I N :  Code RRM

52032 1
N~~A

Nava l Sea Sys tern Cemiand ( .t ’~ , I I~’’; ‘~~ rc h Con t or
%Mshl ngton , DC 2036 2 ‘1 ‘~~~~ [~rook parL Road
ATTN : Code 035 C i - v o l a n d . OH 44 135

A11N: l ibrary
Nava l Facili t ies Engineeriny

Cc’~rand N ( it il L~rFi’~ t i of Standard s
Al C\~I ndr l  a , ~‘A 2233 1 1a ~I I nq t , k~ ~~~~
ATTN : Code 03 1 AT IN lie ta l l  ~ r ’y  D l v i  ~. Ion

Inorganic Mater ials Div .
Scienti fic Advis or
Conoandan t of the l~

4arint’ Corps Pirocto r Appi ha Phy’. icc Labo ratory
• Washington , LIC 20380 ( l it vrrs it)’ of I/ash I not on

ATIN : Code AX 1 1(1 1 ,~ Northo~ st rorthi c h Street
Sea tt le , WA 911105

Naval Ship En ineering Center
Departr~on t of the U~ vv Do f ’nc ’ t’~rt a 1 .1 iid Ceraini cs
Washi nqtop , DC 20360 In ~oi’ma t ion Cc i t t  or I ~
ATTh: Code 6101 1 Pat t ’ l1~ Mrnoi’ 1.il Inst i tu te

~~~~ In Ave nue
Anry Research Office Columbus , OIl 4SL ’J1
P.O. ~~ L~ ll‘ Triangle Park , NC ~7709 Meta ls and Cerar~ics Pi~ i’.ion
ATTN: Metallurgy & Ceramics Program 1 Oak RId~ie Na tional Laboratot’y

P.O. l~o\ X
Arnty Uiterlal s and Mechanics Oak Ridge, TN 373~l0

Research Center
Wa tertow n • ~A O~ 1 1~~ 

I os Al am os Scientific La k ratory
ATTN : Research Programs Office 1 P.O. Ne .~ lt~t~3

‘ I e’~ Alames , NM ~l/~ 44
Air Force Off ice of Scientif ic Al itl : Report LibrarIan

Research
B 1 dq. 41 0 Areenne Na t i c  r ma 1 Ia bora t twv
Boi ling Air Force Ilase Not al1ur~ Ph is b n
Washin gton , PC ~‘(~33.’ P.O. Pox ~

‘
.
‘Q

ATTN: Chc’iI cal Science Ill rectorate 1 Lcrnont , IL (~04.l9
Electroni cs & Sol id S t a t e

Sciences Directorate 1 Ilrookhavo n Nit I ona 1 lal’ora ory
lt~ hnlc,’tl In t erm ’ a t  ion Divis ion

Air Force Mater ia ls  Labora tory Lipton , I ong Is la nd
Wright—Patterson AFB Ncw York ll°73
Dayton, OH 45433 1 AT IN: Research LIbrary

~1brary Of ~‘i . ~ ‘s 1 R~searc h
Vu1l d in~i SO , Rn 134 ~~m a ~~~

Lawrence Radiation laboratory 1030 t . ’s t  Green St r ee t
Berkeley , CA 1 Pasadena , C A 91106 1 r

.
~~~~

-2-
• - - - - .- - ••• . . . - — . -- .

k ~~~~~~~~~~



sUPPLI:r 1INIARY I I ~I I~ ~ I (flI LIST

Technic a l and Sn. . i y Reports NovetiiE’~t’ 1918 L

• Professor C. S. Ans ell Dr. R. 1. Diegle
Rensselaer Polytechnic In~.titute
Depa rtment of Metal lurgical 505 King Avenue

Engineer I n~j Co lumbus , Oil 43201
Troy, NY 12181

Professor IL C.. Giessen
Professor Dieter (‘,. As t Northeas tern tin I vors it y
Corne ll Un I vcr~ i ty Depart mont of Cheini s try
Department of Ri~eria1s Sc ience Boston , HA 02115 $

and Ing I neon nq ___

Ithaca , NY 14853 Profostor N. J. Grant
Massa ch us e t t s Ins t i tu te  of Technolo y

4 Dr. E • 1-1. Pro I ni n Depa rt mmm ~-m t of Ma tori a) s Sc I citc e
Uni ted TecinifliNi )t ’5 Cor pora t ion and t n j i  nccri ‘10
Un i ted Technolo gies Rcs~’arch Center Cambridge , MA 02 100
East Har t ford , CT 06103

— Dr. r. U.  1 uhor sky
Professor 11. P. Ilrody General Electr ic Company
University of Pittsburgh P. 0. Pox 8 r

School of Enq I neon I ni Corporate RSt)
Pittsburgh , PA 14213 Schenectady , NY 12 301 p

Dr. R. 14. Cahn Dr . J. Perel
University of Sussex Phrasoi ’ lechnol any
School of Engineering and 1536 Highland Avenue

Applied Science Duarte , CA 910)0
Brighton BN1 9QT
ENGLAND Professor 0. P. Sherby

Stanford Un iv~’t ’sity
Dr. E. A. Clark t 1ateri~i1s Science Division
Solid State Divis ion ‘ ‘  Stanford , CA 94300
Naval Surface Weapons Centet’
Wh ite Oak Laboratory Professor P. Iurnbull
Silver Spri ng , Itt) 20910 Harvard University

Division of Inqinecring and
Dr. S • N. Cop icy Applied Phy s icc
Un i ve rs ity of Sou thern Cali fornia Cambr i dge , HA 02)38
Los Angeles , CA 90007

Professor R. MebraHan
Professor H. Cohen University of Il l inois ~~ .

- $ Massachusetts Inst i tute of Technolog y Departm e nt of Ilechanic al and
Department of Metal lurgy Industrial [nqineering
Cambridge , MA 021 39 Urbana , II 61801

Professor P. R. Strutt
lirt ive rsit” of C.onnc.ctlrut
S ~~ ‘ I ‘

De p 1rt m ’ m en
~ 

ot
Storrs , CT 06268 £

- •__n._, ~~~~~~~ - — ~~~~~~~~~~~~~~~~~~ - - — ~~~~~~~~~~~~~~~~ 
- - ~~~~‘ -~~ — s— - -‘  r

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-— • .  

-
~~


